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EXECUTIVE SUMMARY

Through out our efforts during this Phase I DARPA contract, our team was faced
with three core challenges impeding the development of robust solutions to the
lack of Electronic Design Automation (EDA) tools for radiation aware design.

"* The first being a lack of a commercially available Analog Mixed-Signal
(AMS) circuit simulator, which understood radiation effects.

"* Secondly the absence of a mechanism to verify the simulation results
"* Finally the design methodology to utilize this new capability had to be

developed with an eye towards integration into existing design flows for
both tool and systems engineering compatibility.

Knowing from the day we submitted our proposal to DARPA these challenges
would face us we set out to assemble an industry team of acknowledged experts.
Unique capabilities were required in software development, the design of military
electronics operating in radiation environments, and systems engineering. To
this end Silvaco Data Systems is a leading provider of commercial EDA software
with a history of making modifications to suit specialized military needs.
Peregrine Semiconductor is a renowned supplier of high performance military
electronics with both integrated circuit (IC) design, and manufacturing
experience. The Titan Corporation's (branch formerly known as Jaycor) has a
legacy of systems engineering and qualification for military systems.

The goal of this effort was the specification, development, and deployment of an
integrated suite of software tools enabling radiation aware mixed signal design.
At the heart of any mixed signal design flow is the circuit simulator- and this is
where we focused our attention modifying the Silvaco Harmony-AMS package to
enable the simulation of Single Event Effects (SEE), Dose Rate (DR), Total
Ionizing Dose (TID), and combined environments

The technical report which follows details the results of our collaboration and we
are more than willing to answer any questions you may have after your review of
our efforts.

Mark Maurer
Manager, Government Business Division
Silvaco Data Systems
4701 Patrick Henry Drive
Santa Clara, CA 95054
408-654-4303 phone
mark.maurer(,silvaco.com
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1.0 BACKGROUND

Commercial mixed signal simulators enable the creation of System on a Chip
(SOC) designs, which require understanding the interface of analog and digital
circuitry. Combining the analog and digital elements onto a single chip has
several advantages, but also creates unique challenges for both designers and
simulators. To accomplish this goal a simulator must have the capability to
model the analog portion of the chip in an analog simulation language such as
(Simulation Program with Integrated Circuit Emphasis) SPICE language, and the
digital elements in a digital language. Silvaco's product SmartSpice has been a
pure analog simulator since it's introduction in 1987 and is one of the leading
SPICE simulators available today. SmartSpice utilizes the original syntax
structure established at the University of California Berkeley and is compatible
with HSPICE and PSPICE, which are two other widely used commercial
simulators. The SPICE language has been the gold standard for analog
designers for decades and the models developed for the engine have been
continually updated to simulate the most advanced technology.

The digital languages have been a much more difficult target to track than
SPICE. There have been several major Hardware Design Languages (HDL)
standards over the years the most notable VHDL, Verilog, and countless
varieties of each to complicate matters. The IEEE has made efforts to
standardize the languages to simplify their utilization for commercial use, but
even at the time of this report on-going battles over the 'standard' continue. The
decision between Verilog and VHDL has been made in the commercial world
with the United States and Asia supporting Verilog, leaving VHDL in Europe,
university environments, and legacy military design.

Much of the commercial EDA industry has adopted IEEE-1364 Verilog HDL as
the industry standard, and will update their language support as the various
standards committees make their final recommendations. Silvaco, like much of
the commercial EDA industry, has standardized on IEEE 1364-2001 for Verilog-D
and Verilog-AMS from Accellera. Verilog-AMS is a modeling language for mixed
signal (analog and digital signals) systems supporting the description of both
digital and analog components. Verilog-AMS is the merger of Verilog-HDL (IEEE
-1364-2001) and Verilog-A. Verilog-AMS is under the control of Accellera which
is an independent organization dedicated to the improvement of language based
design automation. This set of languages provide the maximum support for
interoperability between Silvaco and other EDA toolsets for digital functions such
as synthesis, place and route, and full chip timing and parasitic extraction.
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1.1 MIXED SIGNAL TECHNICAL INTRODUCTION

Mixed-signal designs are becoming more frequent and complex with very short
time-to-market windows. Portable, low power wireless electronic products are
driving mixed signal designs and these circuits are very complex. Current cell
phone's can contain over 10 million transistors. Mixed-signal chips implement
complex algorithms that require designers to examine their operation over
thousands of cycles, such as Phase Lock Loops, delta-sigma converters, and
spread spectrum transceivers. System circuit complexity is increasing at a rate
that is outpacing designers' ability to keep up. A top-down engineering process
based on an iterative, hierarchical implementation of system requirements
supporting trade studies must be utilized. This top-down design process allows
for an incremental and methodical approach for transforming the design from an
abstract block diagram of system requirements to a detailed transistor-level
implementation.

This top-down approach is common in most Department of Defense contractors
as it is the very basis of System Engineering. System Engineering is responsible
for verifying that the system developed meets all requirements defined in the
system specification, and for providing the complete analysis to assure that all
requirements will be met. The commercial market place has recognized the
benefits of this top down design process and is rapidly adopting these practices.
It has been most prevalent in the digital electronics design process with the use
of Hardware Descriptive Languages (HDL's) of Verilog-D (IEEE-1 364) and VHDL
(IEEE -1076). These HDL's have allowed digital designers the capability to
manage complexity and size of digital systems that now exceed 100's of millions
of transistors.

1.2 BOTTOM-UP VS. TOP-DOWN DESIGN

The established approach to design is known as bottom-up design. The design
process starts with the design of the individual blocks, which are then combined
to form the system. The design of the blocks starts with a set of specifications
and ends with a transistor level implementation. Each block is verified as a stand-
alone unit against specifications and not in the framework of the overall system.
Once verified individually, the blocks are then combined and verified together,
but at this point the entire system is represented at the transistor level. The
bottom-up design style is effective for small designs, but often fails in complex
and large designs due to communication problems. Here we see one of the main
benefits of Mixed Signal Simulation: It extends the top-down approach farther
down into the highly optimization dependent analog parts of a SoC. Now bring
radiation-effects into the picture: making mixed signal simulation radiation-aware
provides an unprecedented means for radiation hardened system design to also
be a top-down process: It provides a path from system requirements
specifications all the way down to physical radiation response at the transistor
level.
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A top-down design process systematically proceeds from architecture- to
transistor-level design. Each level is fully designed before proceeding to the next
and each level is fully leveraged in design of the next. It acts to partition the
design into smaller, well-defined blocks, and allowing more designers to work
together productively.

The center of a top-down design methodology is the comprehensive simulation
plan, which in turn leads to a modeling plan. The process begins by identifying
particular areas of concern in the design. Plans are then developed for how each
area of concern will be explored and verified. The plans specify how the tests are
preformed, and which blocks are at the transistor level during the test. For
example, if an area of concern is the loading of one block on another, the plan
might specify that one test should include both blocks represented at the
transistor level together. For those blocks for which models are used, the effects
required to be included in the model are identified for each test. This is the
beginning the modeling plan. Typically, many different models will be created for
each block. These models may be written either by the circuit or system architect
or the block designer.

1.3 DIGITAL DESIGN

The digital designer of today uses a top-down design and a bottom-up
verification methodology. HDL's support executable specification development
through simulation and synthesis. Simulation allows the application of stimuli to
the executable model described by the HDL, allowing the designer to examine its
response. Simulation supports the designer's understanding of the design before
incurring the cost of implementing the design. Synthesis is the process of
actually implementing the executable model in hardware. The HDL describes the
design at an abstract level using constructs to develop a model that does not yet
have a physical (transistor level) implementation. Synthesis refines this abstract
description with equivalent behavior at the inputs and outputs with components
that have a physical implementation. Synthesis converts a well-defined subset of
an HDL often referred to as register-transfer level (RTL) to an optimized gate
level description. These gate level implementations are available in the library of
standard cells generally provided / supported by the foundry.

Verification of digital designs done with HDL's is accomplished using SPICE or a
SPICE like simulator. SPICE like simulator allow for approximations of behavior
and hierarchical approaches to simulation. The trade gives up accuracy for
speed, complexity and size of circuitry.

1.4 ANALOG DESIGN

Analog design continues to be at the device (transistor and diode) and
component (capacitor, resistor, and inductor) level utilizing SPICE to simulate the
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interconnected devices and components behavior under an applied stimulus.
Analog signals are signals that vary continuously. The value of the signal, at
any point, may take on any value within a continuous range of values. This
varies from digital design in that the digital signals usually have only two possible
values high (one or high supply or low (zero or ground). The analog designer is
aware of the circuits operating point, its DC and AC characteristics. Automated
synthesis of an Analog or Mixed Signal system from a description of its behavior
is not at a state similar to the digital domain.

Digital synthesis maps digital behavior onto digital gates that are arranged in a
rather constrained topology. Logic gates combined with the constrained topology
makes synthesis feasible. The analog building blocks are much more complex
and varied and the topology is completely unconstrained. These issues make
analog synthesis amore difficult problem than digital synthesis. Without analog
synthesis, analog design is done the old fashioned way, with designers manually
converting specifications to circuits. While this allows for more creativity, it also
results in more errors, particularly those that stem from communication errors.
These miscommunications prevent the system from operating properly when the
blocks are assembled even though the blocks were thought to be correct when
tested individually.

There has been progress in the analog and mixed signal (digital and analog
signals) design with the aid of analog behavioral language support. Today both
Verilog-AMS and VHDL-AMS provide analog behavioral modeling capability.
Behavioral modeling represents behavior of a device rather than mimicking its
actual implementation. The models can be implemented at several different
levels from a simple op amp to a complex multi-pole/zero op amp. Most recent
developments within the analog behavioral modeling capabilities is the constructs
for describing transistor behavior with such constructs as integral, derivative and
limiting exponential functions. These extensions for transistor modeling is
supported by the Compact Modeling Councils (CMC) mandate that the next
generation compact models be submitted for approval using Verilog-AMS 2.2.

2.0 TECHNICAL APPROACH FOR MIXED SIGNAL with RADIATION

Our team's technical approach was to integrate two commercial tools; a Verilog
simulator compliant to Verilog-1 364-2001 and a SPICE simulator. This
integration would be compliant to the Verilog-AMS standard from Accellera.

An Analog Mixed Signal (AMS) parser allocates digital logic to be simulated
under the Verilog simulator, while all analog portions would be simulated under
SPICE. A Timing Manager Module (TMM) coordinates timing issues. This
means that analog time points are coordinated to match digital events. This
allows the analog portion to use various algorithmic schemes to resolve
convergence issues within the analog portion of the mixed signal system.
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In the initial technology characterization phase, radiation issues are simulated in
the analog domain due to radiation being a time continuous event. This is
supported within the Verilog-AMS standard in that any block within a Mixed
Signal design can itself be Mixed Signal, analog or digital (see Figure 1). Once
analog-domain radiation effects simulations have determined the radiation
response behavior for sub circuits and circuits, one can construct radiation
behavioral models for blocks to be used at the system level to understand
system level radiation response and any digital block or portion of any digital
block can be represented at the transistor level and its radiation response
examined within a Mixed Signal simulation.

MIXED SIGNAL MIXED SIGNAL

Figure 1: Mixed Signal System Make-Up.

2.1 TECHNICAL CHALLENGE

The time control algorithm that coordinates timing issues of a SPICE simulator
with radiation analysis capability and a digital simulator. This fundamental
numerical methods challenge exists in standard mixed signal simulation; adding
radiation effects to the SPICE side, and still maintaining a working integrated tool
has never been shown prior to this effort.

2.2 HIGH PAY-OFF

A standards-compliant, commercially accepted Mixed Signal simulator,
supporting radiation analysis as yet another specification requirement. The
reason commercial acceptance is important for a tool is because it connects an
advanced simulation capability to the modern manufacturing base. The DoD
design community, those responsible for delivering parts for future systems, must
use tool flows that are supported by available foundries. Our objective is a tool
that allows Radiation Hardening By Design (RHBD) to be applied in the modern
fabless model and to provide tool support to allow RHBD to be deployed in the
DoD design community at large.
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2.3 MIXED SIGNAL SIMULATION with RADIATION

The addition of the capability to model radiation events inside of Harmony-AMS,
Mixed Signal simulator (see Figure 2), is based on the integration SmartSpice
RadHard, a SPICE based analog simulator, in which radiation circuit models
were developed for SEE, and Dose Rate (DR), and Total Ionizing Dose (TID).
This development was funded internally by Silvaco and as been a successful
proof of concept for the executive management at Silvaco. We limited our costs
to a great degree by taking the same source code developed for the commercial
simulator and adding only the features and physics required for the defined
specification for the RadHard module. This approach allowed all of the benefits
of the commercially supported SmartSpice (foundry issued SPICE models, latest
updated models, large development and applications engineering staff) to be
leveraged by military electronics designers. The cost structure associated with a
specialized add-on module to an exciting product; facilitates a business model in
which specialized software can be developed and deployed for specific military
needs such as Hardening by Design (HBD).

Input File Harmony-AMS

Verilog-AMS Fl AMS Viewer

- SPICE SJa-tspice
- Verilog-A
- Verilog-D --S.O '

Figure 2: Harmony-AMS Analog/Mixed Signal Simulator with integrated
viewer
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Figure 3: Schematic representation of digital and analog elements

3.0 SOFTWARE DEVELOPMENT

Our approach to the Radiation Hardened Mixed Signal Electronic Circuits
program was similar in scope to our internal development of SmartSpice
RadHard. We started with the commercial Harmony-AMS product and identified
the additional work required to enhance the tools capability to include radiation
modeling. The major difference being the funding provided by DARPA, which
made it possible. . This funding allowed the development of significant and
unique enhancements to the Timing Manager module so it could coordinate
digital events with radiation continuum time domain of SmartSpice RadHard.

One of the lessons SILVACO has learned during its -15 year experience
supporting DoD radiation hardened electronics is that it is critical to involve
experienced end users as early as possible during the development of the tool. It
is the "easy way out" to develop software in a vacuum with out customer criticism
during the early stages; however the product will suffer later from the lack of
tough criticism during development. This is true of all software but particularly in
the case of specialized code for the military community as our developers are
experienced in software development not radiation hardened circuit design.

This experience factored into the selection of our team members when we
assembled the team for this proposal. Peregrine Semiconductor is a leading
design and manufacturing contractor for radiation hardened military electronics.
The Titan Corporation, specifically the former Jaycor office in San Diego, has
vast experience in systems level integration, testing, and specification
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requirements for military systems. The combination of this expertise allowed the
software developers at Silvaco to tap into the experience of our partners to
create a more complete product that may have been possible otherwise.

Harmony-AMS provided an excellent starting point as it integrated mature
products (SmartSpice & Silos) with the SmartSpice simulator having the
capability to read in both SPICE and Verilog-A. The development team used the
C++ language and ensured that the product would operate on Windows
2000/XP, Linux RedHat 7.x, 9.x, and Enterprise 3, and Sun Solaris 8 and 9. The
development team decided to support a 64-bit version of Harmony-AMS. The
key advantage of the 64-bit software is the additional simulation capacity allowed
by the improved memory architectures of the chips, chip sets, and motherboards.

Besides modeling nominal device behavior, modeling space microelectronics
requires the ability to explore designs capable of operation in a radiation
environment. The capability for radiation effects modeling within Harmony-AMS
to date has been examined on three fronts, analog, digital and mixed signal.
Figure 3. Provides a schematic overview of a Phase Lock Loop our Team use to
valid the effects of an ion strike.

3.1 INPUT & CONTROL STATEMENTS

Analog modeling of radiation events such as TID, SEE, and DR, was
accomplished by the implementation of radiation SPICE behavioral primitives
that support the capability of Radiation Macro-models, the implementation of
Verilog-AMS within our SPICE simulator, and finally through the implementation
of radiation device models for BSIM3/4, MEXTRAM and VBIC BJT. These
models are added to our SPICE tool, SmartSpice, as a dynamically linked library
(.dll) files. Silvaco has extended the SPICE .TRAN statement to support SEE,
TID, and DR analysis. The extension to the .TRAN statement for SEE supports
the movement of the ion strikes throughout the circuit (see Figures 4 & 5). The
implementation of Compact Modeling capability within Verilog-AMS allows a very
powerful method of modeling radiation effects on microelectronics and the ability
to exchange these models with other EDA tools. Silvaco has been and continues
to be involved in Compact Modeling extensions committee for Verilog-AMS
ensuring that the needed constructs for advanced modeling are incorporated
within the Accellera Verilog-AMS standard.
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